The surface properties and adsorption behavior of mixed binary surfactants containing alkylpyridinium chloride (C n PC, n ¼ 14 and 16) and Triton X-100 (TX100) have been studied at 298. Also, the total surface area (A tot ) at the air-water interface decreases with increasing X s 1 (mole fraction of TX100 in mixed monolayer) or decreasing surface tension due to the dilution effect on mixing.
Introduction
The interfacial and micellar properties of surfactant mixtures have been extensively studied because of their wide applications, such as hydrate promoters (or inhibitors), biologicals, detergents (foaming), in fabric soening, pharmaceuticals, enhanced oil recovery process etc. [1] [2] [3] [4] In most cases, the mixture of surfactants oen has a better ability to modify the interfacial properties and to generate a high foam volume than the individual surfactants and also the mixtures are advantageous because the purication of a single compound may be too costly and difficult. [4] [5] [6] [7] [8] When two or more surfactants are present in a solution, a mixed monolayer in the interface and mixed micelles in bulk solution are formed as a result of a complex balance of intermolecular forces. Because of this, there have been signicant studies on the molecular interactions between various amphiphilic compounds in their binary mixtures (surfactant-surfactant, drug-surfactant and etc.), especially in relation to the existence of synergism or antagonism (negative synergism) between surfactants. Synergism (antagonism) is dened here as the condition in which the properties of the mixture are better (worse) than those achievable with the pure components separately.
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Although many researchers have studied synergism (or antagonism) between two surfactants at an interface (by calculating the interaction parameter (b s ) and the interfacial mole fractions (X s i )), which are conveniently obtained from surface tension-concentration data using Rosen's model, [15] [16] [17] but almost all papers, these parameters were evaluated at a xed surface tension value (z45 mN m À1 ) in pre-micellar region (not at different levels of xed surface tension).
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In the our previous paper, surface tensions of binary mixtures of Triton-X100 (TX100) with a set of two cationic surfactants (tetradecyl pyridinium chloride (C 14 PC) and hexadecyl pyridinium chloride (C 16 PC)) were measured as a function of total concentration using the Du Noüy ring-detachment method. 24 In the present study, in a new approach, the interaction parameter (b s ) and the mole fraction of surfactant i (X s i ) at the air-water interface (in the above mentioned binary systems) are determined over the whole range of surface tension (at least 9 points) in pre-micellar region, and the inuence of surface tension is investigated on the surface parameters (b s and X s i ). Aer estimation of surface parameters (X s i , b s ), the total surfactant adsorption (G tot ), the adsorbed amount of C n PC (G C n PC ) and the adsorbed amount of TX100 (G TX100 ) were obtained at any xed surface tension value before CMC. Also, the average surface area per molecule of components (A tot ) at the air-water interface is determined using the total surfactant adsorption (G tot ). The values of A tot for systems of C n PC(2)/ TX100(1) decrease with decreasing the mole fraction of surfactant 2 in the total mixed monolayer (X s 2 ) and the surface tension of mixture at each constant value of the bulk mole fraction (y i ).
The results showed that surface and thermodynamic properties of the mixed monolayer depend on the alkyl chain length of cationic surfactant, surface tension of mixture and ionic-nonionic surfactants ratio in the mixed systems. In this work, the experimental data have been collected from our previous paper. 24 
Theory and methods

Composition of mixed adsorbed monolayers
The nature and intensity of the interaction between two surfactants in the mixed monolayer at the air-water interface can be estimated by determining the values of the interaction parameter b s . The interaction parameter (b s ) evaluate the interaction between two unlike surfactants, relative to the self-interaction of the corresponding pure surfactants before mixing.
A negative value of b s indicates that interactions in mixed monolayer at the air-water interface are more attractive than the self-interaction of the two surfactants prior to mixing. However, a positive value of b s indicates that the attractive interaction of the two different surfactants with each other in mixed monolayer is weaker than the average attractive interaction of the two surfactants before mixing.
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The interaction (attraction or repulsion) between two surfactant in the mixed micellar system was further analyzed using Rubingh's model (regular solution theory). 7, 15, 25 In this work, the interaction parameter at interface (b s ) is calculated using eqn (1) and (2) . eqn (1) where X s 1 is the mole fraction of surfactant 1 in the total mixed monolayer; C 1 , C 2 and C 12 are the molar concentration in the solution phase of surfactant 1, surfactant 2 and their mixture in pre-micellar region, respectively (at the bulk mole fraction of surfactant 1 or y 1 ).
In this work, the values of C 1 , C 2 and C 12 are obtained from the surface tension versus concentration plots (s-C curves) of aqueous solutions of the individual surfactants and their mixtures at a given surface tension value which is in range of z42 to 52 mN m À1 in pre-micellar region. (the mole fraction of TX100) and X s 2 (the mole fraction of C 14 PC) in interface, G tot , G 1 and G 2 are the total surfactant adsorption, the TX100 adsorption and the C 14 PC adsorption respectively, and A tot is the average surface area per molecule of components 
Adsorption of the individual surfactants and their mixture at air-water interface
The adsorption process involves the transport of molecules from the bulk solution to the interface, where they form specially oriented molecular layers according to the nature of the two phases. The Gibbs adsorption isotherm for multicomponent systems is an equation used to relate the changes in concentration of a component in contact with a surface with changes in the surface tension. For a binary system containing two surfactants, from the Gibbs equation, total adsorption, G tot , was calculated according to the expression:
where s and C tot are the surface tension and the total surfactant concentration in the bulk solution, respectively. For a single surfactant in aqueous solution, n is the number of species formed by way of dissociation of a surfactant molecule. For the binary surfactant mixtures, n ¼ n 1 X s 1 + n 2 X s 2 , where n 1 and n 2 are the number of species of surfactant 1 and 2, respectively, whose interfacial concentration changes with the change in surfactant bulk concentration; X s i is the mole fraction of the ith surfactant in the mixed monolayer. The results in this work show that the value of n is almost 1 in most of the mole fractions.
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The data between s and log C tot were tted by a second-order polynomial equation, then from the differentiation of this equation, the total adsorption values (G tot ) were calculated at various xed surface tension (for each C tot value). Then the average surface area per molecule of surfactants (A tot ) at the interface was obtained from the relation:
where N A is the Avogadro number. The total adsorption values (G tot ) and the mole fraction of surfactant ith in the mixed monolayer (X s i ) (as described above section) can be used to nd out the adsorbed amount of the individual surfactant in the mixed monolayer (G TX100 and G C n PC ):
Surfactant 1 always refers to TX100 and surfactant 2 refers to C n PC in binary mixtures. Fig. 1(a and b) show plots of surface tension s as a function of the total surfactant concentration C(log C tot ) for the pure C n PC, the pure TX100 and for two surfactant mixtures at bulk mole fraction range of (y 1 z 0.1-0.6) with an interval of almost 0.1. The surfactant molecules have the tendency to adsorb to uid interface in which the hydrophilic parts are attached to the surface and hydrophobic parts are oriented in parallel (not parallel) position, this structure decrease the interaction between water molecules in interface which consequently decreases the surface tension values.
Results and discussion
24
At very low concentrations of the surfactant, only monomers are present in bulk solution and interface. As the concentration of the surfactant is increased, the surface tension at the airliquid interface is lowered until the solution critical micelle concentration (CMC) is reached. Aer the CMC is reached, the surface tension at the air-liquid interface typically remains constant.
Any further increase in concentration does not change the surface tension (C t $ CMC). The CMC is indicated by a sharp break in all curves. These plots were used to determine the C 1 , C 2 , C 12 at C t # CMC and CMC values. In this study, for the calculation of C 1 , C 2 and C 12 were used the various xed values of surface tension in pre-micellar region (see Fig. 2 ) and then, the inuence of surface tension on the surface properties is investigated.
The data (s-C i ) in Fig. 1(a and b) doesn't exactly support the concentrations (C 1 , C 2 and C 12 ) at s ¼ 43, 44, .52 mN m À1 , therefore, the experimental data (s-C i ) were tted with a second-order equation to obtain the required concentrations (C 1 , C 2 and C 12 ) for eqn (1) and (2). In Table 1 , the obtained C 1 (the molar concentrations of C n PC) and C 2 (the molar concentrations of TX100) values are listed from correlation between s and log C i at any given surface tension value in pre-micellar region for three individual surfactant. Also, Table 2 summarized the surface properties (b s , X s i , G tot , A tot , G TX100 and G C n PC ) that obtained at different mole fraction of surfactant in the bulk solution. This indicates the formation of interface in surfactant mixtures, the component with the lower CMC is usually dominant at the air-water interface due to its higher surface activity. The above results are in accordance with the fact that TX100 is much more surface active than C n PC (see Fig. 3 and 4) .
The changes in X s 1 and X s 2 with increasing total concentration (C 12 ) of the mixed surfactants (or with decreasing s values) are shown in Fig. 5 and 6 . These gures show that the mole fraction of TX100 (X s 1 ) increases and the corresponding the mole fraction of C n PC (X s 2 ) at the air-water interface decreases continuously as a function of the total concentration (or surface tension). This indicates that C n PC molecules present at the original interface are continuously being displaced by TX100 molecules, due to the higher tendency of TX100 to surface.
In order to gain further information about the nature and strength of the interaction among the two surfactants at the surface, we evaluated the interaction parameter for mixed monolayer formation (b s ) at various surface tension.
The b s values are always negative in both systems (see Table   2 ). This indicates that the interactions between the two different surfactants aer mixing (TX100 and C n PC) are more attractive or less repulsive than before mixing. Before mixing, the ionic surfactant, C n PC, has a strong electrostatic self-repulsion, the nonionic surfactant, TX100, has a steric self-repulsion. Aer mixing, both of these interactions are weakened by a dilution effect. On the other hand, an ion-dipole attractive interaction and Van der Waals attraction (between the hydrophilic groups) are formed between cationic-nonionic surfactants aer mixing of the two components. 13, 14 In the studied systems at all the bulk mole fractions (y 1 ), the b s values decreased (less negative) with decrease of the surface tension at before CMC due to reduction of the mole fraction of C n PC at the air-water interface (X s 2 ) or increase of the mole fraction of TX100 at the air-water interface (X s 1 ). In fact, the reduction of C n PC molecules and increase of TX100 molecules at interface decreased the electrostatic selfrepulsion interaction between two molecules of C n PC at interface upon mixing (see Fig. 7-9 ).
In the same bulk mole fraction of two studied systems (for example y 1 z 0.199), the mean values of b s ( b s ) for C 16 PC/TX100 system is more negative than C 14 PC/TX100 system. The larger values of b s for the C 16 PC/TX100 system can be ascribed to the larger Van der Waals force between the longer lipophilic groups of this system aer mixing and more presence of C 16 PC at interface, compared to the C 14 PC/TX100 system (see Fig. 10 ). From another point of view, the electrostatic self-repulsion interactions between ionic surfactants decrease with increasing the hydrophilic group of the ionic surfactant in cationic-nonionic surfactant mixtures.
The above results are in accordance with the fact that TX100 is much more surface active than C n PC. The total adsorbed amount of the mixture (G tot ) at the air-water surface can be calculated using the eqn (3). Fig. 11 and 12 show the behavior of total adsorption with surface tension, typically. For all the systems studied the total adsorption (G tot ) increase with the decrease of surface tension and nally reaches a maximum value of the saturated surface adsorption (almost in CMC point). Also, the results of Table 3 show the G tot value increases gradually with increasing the total concentration of surfactant.
In order to determine the surfactant composition at the surface (G 1 , G 2 ) were used eqn (5) and (6) . Fig. 13 and 14 show plots of total adsorption (G tot ), the adsorbed amount of C n PC (G C n PC ) and TX100 (G TX100 ) at the surface as a function of the total surfactant concentration (C tot ) in pre-micellar region, typically. The variation of adsorption (G tot , G 1 and G 2 ) with composition follows distinctively same patterns at various mole fractions. Fig. 13 and 14 show that the adsorbed amount of TX100 (G TX-100 ) increases and the corresponding amount of C n PC (G C n PC ) adsorbed at the surface decreases continuously as a function of the total surfactant concentration. This indicates that C n PC molecules (a surfactant with a larger polar head group) present at the original surface are continuously being displaced by TX100 molecules, due to the higher surface activity of TX100.
The values of A tot and surface coverage (¼A tot /A min ) of mixture in the binary system at various surface tension can be calculated according to eqn (4) using the total surfactant adsorption (G tot ) (see Table 3 ).
As Table 3 show, the values of A tot for binary mixtures decrease with decreasing surface tension (or increasing the mole fraction of TX100 at the air-water interface (X s 1 )). In the high surface tension (at low concentration of nonionic surfactant), the mean area occupied by each molecule at the interface (A tot ) is very high due to the electrostatic selfrepulsion between head groups of the cationic surfactants, and then with decreasing of surface tension the value of A tot decreases.
By considering that the surface tension value decreases with the increase of total concentration of surfactant, while the values of A tot decreases with increasing of X s 1 . This can be attributed to the following reasons: (i) the decrease in selfrepulsion of the cationic surfactants (or the population of C 14 PC or C 14 PC components at the interface decreases), (ii) the decrease in steric self-repulsion of the nonionic upon mixing, due to the dilution effect mentioned previously.
The alkyl chain length also plays an important role on A tot values. Short chain length of C 14 PC occupies smaller A tot than C 16 PC chains do at the interface, which is due to accompanied by higher population (see results in the same bulk mole fraction of cationic surfactant: y 1 z 0.199).
Conclusion
In this work, surface properties of binary mixtures of the two cationic surfactants (alkyl pyridinium chlorides: C 14 PC and C 16 PC) with the non-ionic surfactant Triton X-100 (TX100) have been studied at different total mole fractions in pre-micellar region is the molar concentration of surfactant mixture at various fixed values of surface tension (s) in pre-micellar region, X s 1 (the mole fraction of TX100) and X s 2 (the mole fraction of C 16 PC) in interface, G tot , G 1 and G 2 are the total surfactant adsorption, the TX100 adsorption and the C 16 PC adsorption respectively, and A tot is the average surface area per molecule of components
For C 16 PC(2)/TX100 (1) surface coverage will decrease with decreasing surface tension and increasing the mole fraction of non-ionic surfactant at the air-water interface (X s 1 ). Finally, these studies show that the surface parameters (b s , X s i and etc.) are very dependent on the values of the selected xed surface tension (in the curves of pure and surfactant mixtures) for the calculation of C 1 , C 2 and C 12 at pre-micellar region. This effect has not been previously reported in many papers related to mixed surfactants studies. 
